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Rapid refractive index enhancements via laser-mediated
collectivity
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Max-Planck-Institut fu¨r Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany
(Dated: December 9, 2018)
The collective interaction via the environmental vacuum is investigated for a mix-
ture of two deviating multi-atom ensembles in a moderately intense laser field. Due
to the numerous inter-atomic couplings, the laser-dressed system may react sensi-
tively and rapidly with respect to changes in the atomic and laser parameters. We
show for weak probe fields that in the absence of absorption both the index of re-
fraction and the group velocity may be modified strongly and rapidly due to the
collectivity.
The presence of strong laser fields are known to substantially modify the absorptive and
dispersive properties of atomic samples [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. The numerous
effects put forward already for single atoms include the splitting of spectral lines [1, 2], elec-
tromagnetically induced transparency [3], lasing without population inversion [4], enhanced
indeces of refraction [5, 6], stopping of light [7] and ultra-narrow spectral lines [8]. For
larger ensembles and not too low densities, collective phenomena were further pointed out
to drastically affect laser - driven media [9, 10, 12, 14, 15]. In particular, collectivity due
to nonlinearities in a plasma may render the medium transparent [9], while laser-mediated
local effects arising from dipole-dipole interactions between atoms may alter the appear-
ance of band gaps in optically dense materials [10] and induce piezophotonic switching [11].
Efficient schemes to control the collective quantum dynamics in general were further demon-
strated [12] via employing interferences and fast switching schemes among collective atomic
dressed-states. Particular interest, however, is in the rapid control of dispersive properties
of collective systems, e.g. for quantum gates or high precision measurements [13].
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2In this letter we show that the mutual interactions of atoms via the quantum fluctuations
of the surrounding electromagnetic field (EMF) [16] are suitable to generate transparent
media with large indeces of refraction of order 10 or high dispersion of arbitrary sign. In
particular we point out that the effects may be considerably larger than for the same amount
of independent atoms and may be set up on a time scale of 10−9s (GHz). Furthermore,
the group velocity of a weak probe field propagating through the strongly driven two-level
medium may be substantially slowed down or strongly accelerated.
For this purpose, we consider an atomic system consisting of two ensembles of two-level
atoms, numbered Na and Nb, with densities of order 10
12 − 1014cm−3, and with somewhat
different transition frequencies, and interacting with a single moderately strong laser field
(see Fig. 1). The corresponding Rabi frequencies are {2Ωa, 2Ωb} and spontaneous decay of
all closely spaced atoms occurs via interaction with a common electromagnetic field reservoir
with rates {2γa, 2γb} from excited states {|2a〉, |2b〉}, respectively. In order to treat the atoms
uniformly we suppose that {L/c,Ω−1a,b ≪ τs}, where L, c and τs are the largest dimension of
the sample, the light velocity and the collective decay time, respectively. When scanning the
composed atomic sample with, say for instance, a dye or diode laser [17], and depending on
the resonance condition for each kind of atom and thus the employed laser frequency, gen-
erally one or the other atom specy may dominate the final steady-state collective behavior.
In the conventional mean-field and rotating-wave approximation, the interaction of the
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FIG. 1: Schematic diagram depicting means of control over refractive properties of two laser-driven
two-level atomic ensembles. (a) The involved energy levels of the two two-level atomic systems
and Rabi frequencies are denoted with a and b. (b) The index of refraction and thus the deviation
angle θ of a weak probe field (ν) may be substantially and rapidly manipulated by an applied laser
field (ωL).
3laser-driven atomic sample with the surrounding EMF bath is described in a frame rotating
with the laser frequency ωL, via the Hamiltonian:
H = Hf +H0 +Hi, (1)
where Hf =
∑
k ~(ωk − ωL)a†kak, H0 =
∑
j ~[∆jS
(j)
z +Ωj(S
(j)
+ + S
(j)
− )] and Hi=i
∑
k
∑
j(~gk ·
~dj)(a
†
kS
(j)
− − akS(j)+ ). Here the first and the second terms in Eq. (1) represent the free EMF
(Hf) and the free atomic plus laser-atom interaction Hamiltonian (H0), respectively. The last
term of Eq. (1) describes the interaction (Hi) of the atoms with the environmental vacuum
modes (ak). The collective atomic operators S
(i)
+ =
∑Ni
l=1 |2i〉ll〈1i| ≡ |2i〉〈1i|, S(i)− = [S(i)+ ]†,
S
(i)
z = 12
∑Ni
l=1(|2i〉ll〈2i| − |1i〉ll〈1i|) ≡ 12(|2i〉〈2i| − |1i〉〈1i|) satisfy the standard commutation
relations for quasispin operators, i.e., [S
(i)
z , S
(j)
± ] = ±δijS(i)± , [S(i)+ , S(j)− ] = 2δijS(i)z , ({i, j} ∈
{a, b}). ∆i = ωi − ωL denote the detuning of the atomic transitions frequencies ωi to the
laser frequency, and {∆i,Ωi ≪ ωi}. di corresponds to the transition dipole matrix elements
of the atoms. ~gk =
√
2π~ωk/V ~eλ, where ~eλ is the photon polarization vector while V is the
EMF quantization volume.
The master equation corresponding to the Hamiltonian (1) in the Born-Markov approx-
imation then reads
ρ˙(t) +
i
~
[H0, ρ] = −
∑
i,j∈{a,b}
(
√
γiγj[S
(i)
+ , S
(j)
− ρ]
+
√
rirj[S
(i)
z , S
(j)
z ρ]) + h.c. (2)
The diagonal (i = j) contribution of the first term on the right-hand side describes the
collective damping due to the spontaneous emission of atoms, while that proportional to
√
γaγb involves the mutual exchange of photons among the different types of atoms in the
sample and is very sensitive relative to the splitting frequency ∆ω = ωa - ωb with ∆a −
∆b = ∆ω. The dipole-dipole interactions Θdd among the emitters are omitted here, an
approximation valid as soon as Ωa,b/Na,b ≫ Θdd. The last term of the master equation
Eq. (2) involving the collision rates ri accounts for collisional damping of atoms which alter
the phase of the atomic state but not its population [15, 18].
In the intense-field limit (Ωi ≫ γiNi), the master equation Eq. (2) transforms into the
dressed-state picture (|Ψ(i)j 〉 for {i ∈ a, b}, {j ∈ 1, 2}) via
|1i〉 = |Ψ(i)1 〉 cos θi + |Ψ(i)2 〉 sin θi,
|2i〉 = −|Ψ(i)1 〉 sin θi + |Ψ(i)2 〉 cos θi, (3)
4with cot 2θi = ∆i/2Ωi, {i ∈ a, b}. In the secular approximation, i.e. upon omission of the
terms oscillating with Rabi frequency Ω˜a(b) =
√
Ω2
a(b) + (∆a(b)/2)
2 and larger, and without
the cross-damping contribution (γab =
√
γaγb = rab =
√
rarb = 0), the resulting dressed
state master equation results in the exact steady-state solution of the form
ρs = Z
−1
∏
i∈{a,b}
e−ξiR
(i)
z . (4)
Here 2ξi = ln([γi cos
4 θi + ri sin
2(2θi)/4]/[γi sin
4 θi + ri sin
2(2θi)/4]), R
(i)
z = |Ψ(i)2 〉〈Ψ(i)2 | -
|Ψ(i)1 〉〈Ψ(i)1 |, {i ∈ a, b}, while Z is chosen such that Trρs = 1.
The influence of the cross-damping terms with respect to the final collective steady-
state dynamics can be estimated approximately for larger samples, while for single - atom
systems (Na = Nb = 1) this can be carried out exactly by solving the respective equations of
motion for the atomic variables. In the dressed master equation, the sideband contribution
proportional to γab, rab oscillates at the relative frequency 2|Ω˜a−Ω˜b| which can be nonzero as,
in general, the atoms are subject to different detunings and laser intensities. If |Ω˜a − Ω˜b| ∼
Ωa,b such contributions can be omitted in the secular approximation (as well as for smaller
samples), and the solution in Eq. (4) is then applicable. When Ωa ≈ Ωb and the strong laser
field being detuned far off the frequency range 0 ≤ ∆ ≤ ∆ω, i.e. |Ω˜a− Ω˜b| ≈ 0, then Eq. (4)
can be employed with ξa ≈ ξb. Assuming ∆a = |∆b| =: ∆ω/2, and Ωa = Ωb ≫ ∆ω/2, the
steady-state solution can further be obtained from Eq. (4) in the limit ξa,b → 0. In what
follows, however, we neglect the cross-damping contributions and thus restrict ourselves to
the case Nγa,b ≤ ∆ω < Ω˜a,b.
On employing the atomic coherent states for two-level atoms [19] and the solution in
Eq. (4), we derive the expectation values for any collective atomic correlators of interest.
In particular, the steady-state expectation values for the collective dressed-state inversion
operators 〈R(i)z 〉s can be obtained for {i ∈ a, b} and with Z = ZaZb:
〈R(i)z 〉s = −
∂
∂ξi
lnZi, Zi = e
ξiNi
1− e−2ξi(Ni+1)
1− e−2ξi .
In what follows we concentrate on the case with almost equal parameters for the two
types of atoms, i.e. Ωa ≈ Ωb ≡ Ω, γb ≈ γa(1 − ∆ω/ωa)3 ≈ γa ≡ γ, ra ≈ rb ≡ r and
Na ≈ Nb ≡ N .
Fig.(2) depicts the steady-state dependence of the dressed-state inversion operators as a
function of the ratio ∆a/(2Ω). As the atomic transition frequencies for the atoms of type a
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FIG. 2: (a) The steady-state dependence of the dressed-state inversion operator 〈Rz〉s/N versus
∆a/(2Ω). The solid and dashed lines stand for atoms of type a and b, respectively. Here r/γ =
0.3, ∆ω/(2Ω) = 0.1. The exterior curves correspond to Na = Nb = 1000 and the interior to
Na = Nb = 1. (b) The susceptibility χ = χ
′
+ iχ
′′
[in units of N¯d2/γ~] as a function of ∆a/(2Ω).
The solid curve represents χ
′
while the dashed χ
′′
. The remaining parameters are 2Ω/(Nγ) = 10,
Na = Nb = 1000 and ν − ωa = 0.35× 2Ω.
and b differ from each other, the steady-state collective populations behave differently as well.
Note that, due to collectivity, the collective dressed state populations may be transferred
abruptly and rapidly from one dressed state to another as the laser detuning ∆i changes its
sign. A few- atom system is less sensitive relative to the laser detuning in the sense of fast
switching. Thus, at this particular point, ∆i/(2Ωi) = ±ε with ε ≪ 1, one may switch the
absorption properties of a weak probe field from positive to negative gain (or vice versa)
while the dispersive features are strongly enhanced. For a pencil-shaped sample with length
L ∼ 5λ, transversal area S ∼ 2λ2, λ ∼ 10−4cm, γ ∼ 107Hz, and N ∼ 103 we estimate a
switching time τs ∼ 2L/(λγN) of about 10−9s. The secular approximation can be applied
here if Ω ∼ 1010Hz, as Ω≫ τ−1s .
We proceed by calculating the refractive properties of a very weak field probing the
strongly driven atomic sample. The linear susceptibility χ(ν) of the probe field, at frequency
ν, can be represented in terms of the Fourier transform of the average value of the two-time
commutator of the atomic operator as
χ(ν) =
i
~
∑
j∈{a,b}
d2j
Vj
∫ ∞
0
dτeiντ 〈[S(j)− (τ), S(j)+ ]〉s. (5)
Note that the steady-state (subindex s) of the atomic correlators in Eq. (5) should be
calculated with the help of Eqs. (3,4).
Introducing Eq. (3) in Eq. (5), and making use of both the secular a
6quantum regression theorem [18], together with Eq. (4), then the dispersion and absorption
features can be described via:
χ
′
(∆p) =
∑
i∈{a,b}
N¯id
2
i
γi~
〈R(i)z 〉s
Ni
[cos4 θi
∆˜
(i)
p − 2Ω¯i
γ˜2i + (∆˜
(i)
p − 2Ω¯i)2
− sin4 θi ∆˜
(i)
p + 2Ω¯i
γ˜2i + (∆˜
(i)
p + 2Ω¯i)2
],
χ
′′
(∆p) =
∑
i∈{a,b}
N¯id
2
i
γi~
〈R(i)z 〉s
Ni
[sin4 θi
γ˜i
γ˜2i + (∆˜
(i)
p + 2Ω¯i)2
− cos4 θi γ˜i
γ˜2i + (∆˜
(i)
p − 2Ω¯i)2
]. (6)
Here Ω¯i = Ω˜i/(γiNi), while N¯i is the atomic density. ∆˜
(i)
p = ∆p/(γiNi) = (ν − ωL)/(γiNi)
= (ν − ωa + ∆a)/(γiNi) corresponds to the detuning of the weak probe field frequency
with respect to the driving field, while γ˜i = (γ
(i)
s − γ(i)c )/(γiNi) describes the non-diagonal
collective damping with γ
(i)
s = γi[sin
2(2θi)+cos
4 θi+sin
4 θi] + ri[cos
2(2θi)+sin
2(2θi)/2] and
γ
(i)
c = γi cos(2θi)〈R(i)z 〉s, respectively. It should further be noted that in Eqs. (6) we have
employed the so-called decoupling scheme for symmetrical atomic correlators as valid for
N ≫ 1 [14]. In the absence of collective effects (γ(i)c ≡ 0), Eqs. (6) reduces, as it should, to
the correct result for Na and Nb independent atoms.
On inspecting Eqs. (6) (involving 〈R(i)z 〉s) and Fig. (2a) one can easily recognize that
the susceptibility {χ′, χ′′} is substantially enhanced via collective effects. Figures (3) depict
the steady-state dependence of the linear susceptibility with respect to the strong laser
detunings while keeping fixed probe-field frequencies. Strong gain, strong positive or negative
dispersion with zero absorption are then feasible. The interpretation of these results is
straight forward via a dressed-state analysis [1, 2]. When ν − ωa = −2Ω (see Fig. 3a,b),
the probe field at exact resonance with the dressed-state transition |Ψ(a)1 〉 ↔ |Ψ(a)2 〉. If
∆a/(2Ω) < 0 most population is placed in the dressed - states |Ψ(i)2 〉 (see Fig. 2a) and, thus,
the probe field is absorbed. Here ∆a/(2Ω) = 0 means that 〈R(a)z 〉s = 0 while 〈R(b)z 〉s 6= 0
and, respectively, the susceptibility is small though nonzero. Note that for a single-type
atomic ensemble one can achieve complete transparency at this point. Increasing further
∆a, i.e. ∆a/(2Ω) > 0, the dressed -state population is transferred completely to |Ψ(a)1 〉 and
the probe field is amplified. Thus, the second ensemble contributes here to a strong shift of
the susceptibility resulting in zero absorption with large dispersive features. In particular,
7the index of refraction yield with close to vanishing absorption n(ν) ≈ √1 + χ′(ν) [18]
which for the sample parameters given above takes values larger than n > 8 [see Fig. (3a)
near ∆a/(2Ω) ≈ 10−3]. However, without collective effects, i.e. a noninteracting ensemble
of Na = Nb = 1000 atoms, the index of refraction would only be close to unity at the point
of vanishing absorption. The index of refraction n can be further enhanced by increasing
λ3N¯ , but then the atoms would be such close to each other that short-range dipole-dipole
interactions need be taken into account. Moreover, χ
′
may be smaller than −1 at frequencies
where the absorption vanishes meaning that the weak-probe field can not propagate anymore
through the atomic medium (see Fig. 3).
Furthermore, once the probe field frequency is adjusted near resonance with the bare-
state transition frequencies of atoms a or b, one can observe steep dispersive features at
∆a ∈ {0,∆ω} (see Fig. 2b). However, the magnitude of the susceptibility, in this case,
is the same as for a few-atom sample, except the dispersive slopes. These results can be
employed to induce a rapid phase shift for a weak field travelling through the strongly
driven atomic sample. Note that at the points, where the ∆i change the sign, the two-level
emitters are in a strong collective phase [15] and, thus, abrupt changes of χ
′
are due to
strong collectivity. Also, the collisional damping does not affect considerably the collective
steady-state behavior, and its influence can be balanced by increasing the number of atoms.
This means that the collisional damping influences small atomic samples while larger atomic
systems are less sensitive with regard to kind of phase damping.
We demonstrate further that collections of two-level atoms are suitable for rapidly switch-
ing between strongly accelerating or slowing down of a weak probe pulse traversing through
driven two-level media. The light group velocity can be estimated from the following expres-
sions: 1/vg = ng/c = dk(ν)/dν, where k = n(ν)ν/c. For N¯d
2/γ~ ∼ 0.1, i.e. N¯ ∼ 1012cm−3,
ν/γ ∼ 108, ng may reach values of order of 107 of either sign [see Figs. (3b,d) where χ′′ = 0].
The refractive index may take values below unity at such moderate atomic densities. Thus,
by properly choosing the external parameters one can arrive at rather low subluminal or
large superluminal group velocities.
In summary we have demonstrated that collective interactions among two-level radiators
are suitable to generate highly refractive media with GHz switching times to strongly deviat-
ing properties. Further, the group velocity of a weak electromagnetic field pulse probing the
laser-driven atomic sample may be abruptly altered depending sensitively on the external
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FIG. 3: The steady-state dependence of the linear susceptibility χ (in units of N¯d2/γ~ ) as well as
that of the derivation (d/dν)χ
′
(in units of N¯d2/γ2~ ) as a function of ∆a/2Ω. The solid and dashed
lines correspond to the real and imaginary parts of χ, respectively, while the dotted curve stands
for (d/dν)χ
′
. Here ν − ωa = −2Ω (a,b), and ν − ωa = 2Ω (c,d), while N = 1000, 2Ω/(Nγ) = 10,
∆ω/(2Ω) = 0.1, and r/γ = 0.3. (b,d) are enlargements of (a,c).
atomic and laser parameters.
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